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SUMMARY 


This  note  describes  an  angular  velocity  pick-off  for  indicating 
the  rate  of  change  of  gimbal  displacement  of  a free  gyroscope  over  a 
range  of  +30°,  to  within  ±795,  with  a sensitivity  of  O.O64  volts  per 
radian  per  second.  The  pick-off  takes  the  form  of  a cylinder  0.?  inches 
in  diameter  and  0. 4 inches  long. 

The  sensitivity  could  be  increased  by  about  2C0S  without  increasing 
the  volume  and  it  oould  be  increased  considerably  more  by  a snail  increase 
in  volume:  e.g.  a 10C$  increase  in  sensitivity  oould  be  obtained -with 
about  3C9S  increase  in  size.  Simple  modifications  may  apparently  be 
incorporated  to  increase  the  aocuracy  and  range,  or  to  alter  the  form 
of  indication  so  that  the  sensitivity  increases  with  increasing  gimbal 
displacement. 

Development  is  as  yet  incomplete,  but  the  construction  and  method 
of  operation  are  described  and  preliminary  test  results  are  given  and 
discussed. 

As  the  arrangement  of  the  magretic  circuit  appears  to  be  an 
efficient  one  for  wide-angle  transducers,  brief  consideration  is  given 
to  the  possibility  of  using  the  unit  as  a torsional  vibration  pick-up 
or  as  a torque  motor. 


SECURITY  ’INFORMATION 


CONFIDENTIAL 


Teohnical  Note  No.  G.W. 231 


CONFIDENTIAL 

k." 

r 

I r 

LIST  OF  CONTENTS 

Page 


1 Introduction  4 

2 Choice  of  Type  of  Pick-off  4 

3 Construction  5 

4 Method  of  Operation  5 

5 Installation  5 

6 Test  Results  6 

6.1  Resistance  and  Inductance  Measurements  6 

6.2  Initial  Checks  on  Sensitivity  7 

6.3  Tests  With  Inoreased  Magnetisation  7 

6.4  Tests  With  Inoreased  Magiet  Thickness  7 

6.5  Unit  Installed  to  Measure  Outer  Gimbal  Velocity  ~J 

7 Discussion  of  Results  7 

7.1  Inductance  Measurements  7 

7.2  Natural  Frequency,  Resonant  Frequency  and  Time 

1 Constant  8 

7.3  Sensitivity  9 

7. 31  General  Sensitivity  Equation  1 0 

7.32  Application  to  Present  Pick-off  12 

7.4  Reaction  Between  Moving  Parts  14 

7.5  Operating  Flux  Densities  14 

8 Applications  1 5 

8.1  Velocity  Pick-off  15 

8.2  Torsional  Vibration  Pick-up  17 

8.3  Torque  Motor  17 

9 Conclusions  . 18 

1 0 Acknowledgement  1 8 

• Reference  1 9 

Advance  Distribution  19 

Detachable  Abstract  Cards 


SECURITY  INFORMATION 

confidential 


COMF1  DIMT1AL 

Teohnioal  Note  No.  G.ff.  231 

APPENDIX 

Sensitivity  and  Torque  Calculations 


LIST  OF  ILLUSTRATIONS 

Figure 

Magnet  Assembly  ' , 1 

Armature  Assembly  2- 

Flux  Paths  Through  the  Amature  3 

Method  of  Polarising  the  Magnet  4 

Pick-off  in  Position  .5 

Equivalent  Circuits  6 

Typioal  Records  7 

* Typical  Pick-off  Output  8 

Relationship  Between  Velocity  and  Pick- ctff  Output  9 

Demagnetisation  Curve  10 

Equivalent  Magnetic  Circuits  11 

Sketch  Defining  Gap  Reluctanoes  12 

Elementary  Phase  Advance  Circuit  13 

Suggested  Arrangement  for  Torque  Motor  14 


-3- 

COMMDINTIAL 


CONFIDENTIAL 


Teohnical  Note  No.  G.W.231 


1 Introduction 


In  some  guided  missile  control  systems  it  is  neoessary  to  obtain  a 
heading  angle  signal  and  also  a rate  of  change  of  heading  angle.  This 
» is  the  oase  for  example  in  the  current  C.T.V. 1 control  system  for  use 

with  conmand  link  guidamoe.  The  heading  angle  is  obtained  from  a poten- 
tiometer which  picks  off  the  gimbal  angle  of  a free  gyrosoope.  This 
, signal  is  operated  upon  by  phase  advance  circuits,  but  certain  dis- 

advantages are  inherent  in  this  method.  The  signal/noise  ratio  of  the 
potentiometer  output  is  low  as  the  output  signal  neoossarily  consists  of 
a number  of  discrete  steps  and  is  further  distorted  by  variations  in 
contact  resistance.  The  differentiating  aotion  of  the  phase  advance 
oirouits  on  this  output  signal  produocs  an  intolerably  low  signal/noise 
ratio  at  tho  amplifier  output. 

Perhaps  the  most  direct  method  of  overcoming  this  difficulty  is 
to  reduce  the  noise  generated  by  the  pick-off.  In  this  instance  the 
pick-off  was  a D.C.  energised  wire-wound  potentiometer  and  appropriate 
investigations  were  started. 

It  appeared  that  another  possible  method  would  be  to  have  tvro 
•pick-offs  on  the  gyrosoope,  one  to  provide  a displacement  signal  and 
the  other  to  provide  a velocity  signal.  The  development  of  the  present 
velooity  pick-off  represents  the  first  step  in  an  attempt  to  find  a 
solution  along  these  lines. 

In  the  following  sections,  oonstruotion,  operation  and  installation 
* are  described  and  seme  preliminary  test  results  given.  These  are  dis- 

oussed  with  the  aid  of  a iheoretioal  analysis  of  the  magnetic  circuit  and 
it  is  also  shown  that  the  unit  might  well  form  the  basis  cf  a torsional 
vibration  piok-up  or  a wide-angle  torque  motor. 

2 Choice  of  Type  of  Pick-off 

It  was  deoided  initially  that  the  displacement  signal  would  continue 
to  be  derived  from  the  existing  potentiometer  and  that  the  velocity  pick- 
aff  should  fit  into  the  then  ourrent  gyro  frame  and  gimbal  system  (Air 
Blast  Gyrosoope  Type  G.Y/.  1 Mark  if)  with  the  minimum  of  modif  ioation. 

In  addition  the  pick-off  should 

(a)  need  no  extra  power  supply  and  have  a minimum  number  of 
connections; 

(b)  have  a range  of  at  least  +^0°,  with  the  highest  possible 

sensitivity;  ” 

(0)  cause  negligible  precession  of  the  gyrosoope; 

(d)  have  a negligible  time  constant; 

(e)  be  cheap  to  produce; 

(f)  have  a high  signal/noiso  ratio. 

With  reference  to  (f) , it  is  of  interest  to  note  that  as  the  pick-off 
output  would  already  be  a velocity  signal,  a lower  sigial/noise  ratio  could 
be  permitted  than  on  a displacement  signal. 

A 

The  methods  available  for  producing  electrically  a velooity  signal 
are  not  numerous:  such  signals  are  usually  obtained  from  an  eleotromagnetio 
generator,  and  it  was  decided  that  suoh  a generator  should  farm  the  basis 
of  the  present  pick-off,  particularly  in  view  of  the  above-listed  require- 
ments. 
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3 Construction 

The  pick- off  oonsists  essentially  of 

(a)  permanent  magnet  with  pole  pieoesj 

(b)  armature  with  pole  pieoesj 

(o)  armature  ooil. 

Sketohes  of  the  permanent  magnet  together  with  its  pole  pieoes  are 
given  in  Fig.1.  The  magnet  is  cylindrical  and  is  made  of  sintered 
Aloanax  3,  polarized  in  the  direction  shown.  The  pole  pieoes  are  of 
sintered  soft  iron.  This  unit  was  made  from  a single  cylindrical  pieoe 
of  sintered  material,  the  majority  of  the  soft  iron  being  removed  by 
turning  and  the  magnet  surface  oleaned  off  by  grinding.  The  brass  insert 
facilitates  the  mounting  of  the  magnet  and  the  light  alloy  cup  provides  a 
protective  housing. 

The  armature  consists  of  a central  cylindrical  core  and  two  pole 
pieces  as  shown  in  Fig.  2.  The  core  forms  an  integral  part  of  one  pole 
pieoe,  thus  leaving  only  one  metal-to-metal  joint  in  the  magnetio  circuit 
of  the  armature.  Both  core  and  pole  pieoes  are  of  Radi  one  tal. 

The  coil  oonsists  of  2,500  turns  of  48  S.W.G.  (0.0016  inch)  enamelled 
copper  wire.  This  ■was  former  wound,  taped  and  then  fitted  over  the  armature 
core. 

4 Method  of  Operation 

In  the  following  explanation  leakage  reluctances  and  magnetio  non- 
linearities  are  negleoted  and  the  reluctances  of  all  ferrcmagnetio  paths 
are  assumed  negligible  compared  with  the  air  gap  reluctanoes. 

Fig.  3a  3hows  the  armature  in  its  datum  position.  The  gaps  A , B , 

G and  D between  the  armature  pole  pieces  and  magnet  pole  pieoes  then 
have  approximately  equal  reluctanoes  and  the  permanent  magnet  flux  has 
two  similar  parallel  paths.  One  is  from  the  N pole  pieoe,  via  B and 
A in  series  to  the  S pole  pieoe,  and  the  other  via  D and  C . Thus 
no  flux  passes  through  the  armature  00 re  and  hence  none  links  with  the 
coil. 


With  the  armature  fully  deflected  anti-clockwise  as  shown  in  Fig. 3b, 
all  the  flux  from  the  N pole  pieoe  passes  across  gap  D , through  the 
armature  core  and  via  gap  A to  the  S pole  pieoe.  In  this  position  all 
the  flux  links  with  the  ooil.  Similarly,  when  the  armature  is  fully 
deflected  clockwise  all  the  flux  again  links  with  the  ooil  but  in  the 
reverse  direction. 

With  the  armature  in  any  intermediate  position  the  flux  linking  with 
the  ooil  is  proportional  to  armature  deflection,  the  direction  of  the  flux 
being  determined  by  the  direction  of  the  deflection.  Thus  when  the  armature 
is  rotated  over  its  full  operating  range  with  a uniform  angular  velocity, 
the  rate  of  change  of  flux  linkages  with  the  ooil  is  oonstant  and  a constant 
e»m.f.  is  generated. 

5  Installation 


Before  it  is  fitted  to  the  unit  the  magnet  assembly  is  magnetised 
■with  the  aid  of  the  accessories  shown  in  Fig. 4.  After  magnetisation,  tut 
before  the  assembly  is  withdrawn  from  the  magnetiser,  the  two  arcuate 
keepers  are  plaoed  in  position  and  left  until  the  assembly  is  installed, 
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i.e,  until  the  armature  provides  a low  reluctance  path  for  the  flux. 

The  light  alloy  oup  is  left  in  position  during  magnetisations  it  is 
comparatively  thin  and  its  reluctance  is  not  significant  unless  the 
magne tiser  is  weak.  The  non-magnetic  spaoers  prevent  compressive  loads 
that  occur  during  magnetisation  from  distorting  the  magnet  assembly. 

To  simplify  the  coil  connections  the  armature  is  made  to  serve  as 
a stator  and  the  magnet  as  a rotor.  The  inner  bore  of _±he__ armature  core 
is  counterbored  and  threaded  to  permit  the  armature  assembly  to  be  sore wed 
onto  the  brass  bearing  housing,  which  protrudes  slightly  from  the  outer 
gimbal.  Correct  orientation  of  the  armature  with  respeot  to  the  outer 
gimbal  is  necessary  to  enable  the  coil  leads  to  be  led  away  along  slots 
milled  in  the  gimbal,  and  is  obtained  by  the  use  of  shimming  washers 
between  the  armature  and  the  gimbal. 

The  magnet  assembly  is  attaohed  to  the  inner  gimbal  bearing  spigot 
by  force-fitting  the  brass  insert  onto  the  spigot.  In  the  present  appli- 
cation the  velocity  pick-off  is  intimately  associated  with  the  potentio- 
meter pick-off,  the  wiper  of  which  is  fixed  to  the  magnet  assembly.  The 
adhesive  plus  an  anodic  film  on  the  light  alloy  cup  provide  sufficient 
insulation  between  the  wiper  and  the  magnet. 

Finally  the  pick-off  is  subjected  to  a demagnetising  field  to  ensure 
stability.  The  field  strength  may  be  somewhat  arbitrary  but  it  should 
definitely  be  larger  than  any  to  which  the  pick-off  is  likely  to  be 
subjeoted  in  practioe. 

The  pick-off  is  shown  installed  on  the  outer  gimbal  in  Fig.  5(a). 

As  the  pick-off  was  installed  for  test  purposes  only,  the  leads  were 
brought  directly  away  from  the  outer  gimbal.  On  a final  version  slip- 
rings  would  of  course  be  necessary. 

Although  the  unit  was  designed  to  fit  on  the  outer  gimbal  to  measure 
inner  gimbal  velooily,  the  possibility  of  fitting  it  onto  the  frame  to 
measure  outer  gimbal  velocity  was  also  considered  and  the  unit  is  shown 
installed  for  this  funotion  in  Fig. 5(b).  It  will  be  seen  that  the  pick- 
off  has  been  sandwiched  between  the  standard  potentiometer  housing  and 
the  gyroscope  frame.  The  housing  is  raised  and  carried  on  three  supports 
but  i3  otherwise  unmodified.  The  slip-ring  assembly  and  potentiometer 
wiper  are  mounted  on  top  of  the  magnet  assembly,  the  leads  to  the  slip- 
rings  being  brou^it  up  through  a hole  in  the  centre  of  the  armature  and 
magnet. 

The  terminal  blocks  were  attached  for  test  purposes  only.  Also 
seen  in  this  photograph  is  a split  pulley  by  which  the  gimbal  was 
rotated. 

6 Test  Results 

6.1  Resistance  and  Inductance  Measurements 

6.11  D.C.  resistance  1250  ohms. 

6.12  Inductance,  measured  with  a Muirhead  Type  D-197-A  impedance 
bridge  at  1000  c/a. 

(a)  Armature  in  datum  position  as  in  Fig. 3(a)  :- 

L a 0.6 3 henry  at  a Q of  1.56. 

Therefore  the  total  A.C.  resistance  at  1000  o/a  is  2500  ohms, 
and  the  iron  loss  resistance  is  (2500  - 1250)  = 1250  ohms. 
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(b)  Armature  as  in  Pig. 3(b):- 

L = 0.53  henry  at  a Q of  1.5* 

Therefore  the  total  A.C.  resistance  at  1000  c/s  is  2220  ohms, 
and  the  iron  loss  resistance  is  (2220  - 1250)  = 970  ohms. 


6.2  Initial  Checks  on  Sensitivity 

These  were  made  with  the  pick-off  installed  to  measure  inner  gimbal 
velocity. 

Pig. 6(a)  shows  the  equivalent  circuit  of  the  pick-off  oonnected  to 
an  oscillograph  and  Pig. 7 shows  typical  records.  Curve  1 of  Pig. 8 shows 
the  relevant  part  of  a typical  record  plotted  out  on  a larger  soale. 

Curve  1 of  Pig.  9 shows  the  relationship  between  pick-off  output  and 
velocity,  the  slope  of  the  ourve  showing  the  sensitivity  to  be  about 

°*02  radiar/second  * 


6.3  Tests  With  Increased  Magnetisation 

The  above-mentioned  sensitivity  was  unexpectedly  low  and  it  was 
thought  that  this  may  have  been  due  to  inadequate  magnetisation.  The 
pick-off  had  been  magnetised  after  installation,  and  apparently  the 
reluctances  of  the  air  gaps  that  were  necessarily  present  between  the 
pick-off  and  magnetiser  pole  pieces  were  too  large  to  permit  saturation 
of  the  magnet.  It  was  at  this  stage  therefore  that  the  accessories  shown 
in  Pig.  4 were  introduced  and  saturation  thus  assured  by  magnetising  prior 
to  installation.  Curve  2 of  Pig. 9 illustrates  subsequent  test  results, 

the  sensitivity  of  0.038  ra'dil'n/se cc'nd  rePresen'fcirig  an  increase  of  9C$. 


6.4  Tests  With  Increased  Magiet  Thickness 

The  sensitivity  was  further  increased  by  fitting  an  assembly  in 
which  the  magnet  thickness  had  been  increased  frcm  0.030  inch  to  0.050 
inch,  but  which  was  otherwise  unmodified.  The  new  value  of  sensitivity 

was  found  to  be  about  0.064  , a further  increase  of  68$. 

This  magnet  wa3  not  retained  for  further  tests  however  as  it  had  been 
slightly  cracked  whilst  being  machined. 

6.5  Unit  Installed  to  Measure  Outer  Gimbal  Velocity 

To  be  certain  that  the  unit  could  also  be  used  to  measure  outer 
gimbal  velocity  it  was  refitted  as  shown  in  Pig.  5(b),  and  another  series 
of  test  runs  then  made,  with  the  results  3hown  by  ourve  3 cf  Pig. 9, 


7 Discussion  of  Results 

7.1  Resistance  and  Inductance  Measurements 


These  were  made  primarily  to  enable  an  approximate  equivalent 
oirouit  to  be  drawn  for  the  pick- off . 

The  magnitude  of  the  inductance  is  seen  to  depend  upon  the  position 
of  the  armature  and  although  some  difference  may  be  expected  it  i3  hot 
quite  clear  why  the  inductanoe  should  be  larger  with  the  armature  in  its 
datum  position.  A possible  explanation  is  that  with  the  armature  in  this 
position  the  flux  set  up  by  the  measuring  equipment  has  a return  path 
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oonfined  to  soft  iron,  whereas  with  the  armature  fully  def looted  this 
flux  must  traverse  the  permanent  magnet  material,  which  has  a lower 
permeability  than  the  iron.  The  effeotive  A.  C.  resistance  is  also 
somewhat  lower  when  the  measurement  flux  is  foroed  to  return  via  the 
permanent  magnet  material,  presumably  due  to  the  higher  resistivity 
of  the  material. 


It  is  considered  that  the  iron  loss  resistanoe,  which  ms  found 
to  be  about  1000  ohas  at  1000  c/s,  may  be  ignored  when  considering  the 
equivalent  circuit  of  the  pick-off. 


7.2  Natural  Frequency.  Resonant  Frequency  and  Time  Constant 


Pig. 6(a)  gives  a reasonably  complete  equivalent  cirouit  for  the 
pick-off  under  typical  working  conditions  and  Pig.  6(b)  gives  an  approxi- 
mate general  cirouit.  Referring  to  the  latter  we  see  that  we  may  regard 
the  piok-off  as  a perfect  generator  combined  with  an  output  circuit  having 
a transfer  function  given  by:- 


R 

pcTT+T 


R 

pCR+1 


+ pL 


(D 


Simplifying:  - 


(2) 


The  tern  within  the  brackets  is  reoogiisable  as  a standard  form  which 
shows  that  the  circuit  will  have  a natural  frequency  given  by 


f . J-  ;/ J 3 , 

d 2x  V IC  2 2 * 

1 2*R  C 


(3) 


and  an  exponential  decay  faotor  e 


2RC 


i.e.  a time  constant  of  2RC. 


To  find  the  resonant  frequency  we  consider  steady-state  conditions 
only.  Replacing  p by  ju  in  equation  (l) , where  u = 2xf  , and 
rationalising : - 


R 


\i[  (R-u^CR)2  + (A2  ] 


U) 


It  oan  be  shown  that  the  resonant  frequenoy,  i.e.  the  frequency  at  whioh 

e„ 


— is  a maximum,  iss- 

•i 


- _ 1 1 
r “ 2%  | LC  “ 


2 2 
2ITC 


(5) 
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The  above  expressions  for  natural  and  resonant  frequencies  Imply  an 

11  1 

oscillatory  circuit,  i.e.  that  or  — *-*■  respectively. 

bRC  2R0 

Considering  the  latter,  the  oondition  is  that  ■ ■ y-  < 1 . Substituting 

2R  C 

values  shown  in  Fig.  6 for  L , C and  H we  get  — If-  =»  0.013  , thus 

2R  C 

validating  the  assumption. 

Evaluation  of  equations  (3)  and  (5)  gives  20,450  and  20,400  a/s 
respectively,  while  the  time  oonstant  2RC  equals  9.5  x 10 r*5  seconds. 

It  will  be  appreciated  that  all  these  values  are  of  such  a magnitude 
that  they  may  be  neglected  entirely. 

While  this  conclusion  is  of  course  true  only  for  the  particular  load 
oondition  of  Fig.  6,  it  is  thought  that  similar  conditions  oould  usually 
be  obtained  in  praotioe. 

7.3  Sensitivity 

As  shown  in  Appendix  I the  theoretical  sensitivity  S of  the 
pick-off  is  given  approximately,  in  o.g.s.  units,  by 


S 


f G + H(1  + a2)  1 

“ [G  + H(1  -a2)]2  J 


abvolts 
radiaiV  second 


(6) 


where  G 


<WRa> 


H 


N = number  of  turns  on  the  coil 


h 


*L*h  gilberts 

R^  + ’ maxwell 


=*  total  leakage  reluctance, 

maxwell 


h 


annature  reluctance, 

’ maxwell 
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R,  b datum  gap  reluotance,  l£jjj|>g£jig 
a r ’ maxwell 

a oTWr  * v^iere  8 » a > W and  r are  constants  dependent 

upon  the  ge  one  try  of  the  pick-off.  They  are  defined  in 
Fig.  12. 


wt  t*  displaoement  of  the  armature,  in  radians.  The  pick- off 

has  a range  of  + a , therefore  wt  = a . 

— ' max. 


wt  — 

a a — = fractional  displaoement  of  the  armature 


F'  = recoil  m.m.f.  of  the  magnet 


recoil  reluotance  of  the  magnet 


Defined 


in 

Appendix  I 


In  the  following  paragraphs  equation  (6)  is  considered  firstly  as 
a general  expression  for  the  sensitivity  of  a pick-off  of  this  type  and 
seoondly,  in  relation  to  the  present  pick-off. 

7. 31  General  Sensitivity  Equation 

One  characteristic  of  importanoe  illustrated  by  equation  (6)  is 
the  dependence  of  the  sensitivity  on  'a'  , the  fractional  displaoement 
of  the  armature.  The  degree  of  dependence  is  in  turn  governed  primarily 

by  Rp  , the  armature  reluctance.  When  Rp  = 0 the  sensitivity  is 

completely  independent  of  armature  position. 

If  then  a oonstant  sensitivity  is  required,  the  armature  should, 
if  possible,  be  fabricated  fran  a single  piece  of  metal:  even  faoed 
metal-to-metal  joints  sometimes  contribute  an  appreciable  roluotanco. 

The  degree  to  which  sensitivity  is  dependent  on  armature  displaoe- 
ment is  also  governed  to  same  extent  by  % and  R^  . % should  be 

small,  thus  R#  and  R^  . should  be  snail.  For  a given  magnet 

material  Ru  is,  however,  invariable . Although  from  this  point  of  view 
Rg  should  oe  as  large  as  possible,  this,  as  we  shall  see  later,  is 
undesirable  in  other  respects. 

As  an  alternative  it  may  be  an  advantage  in  some  control  systems 
to  have  a velocity  term  yftiioh  increases  with  armature  displaoement. 

Figs. 7 and  8 show  experimental  and  theoretical  examples  of  the  type  of 
increase  that  may  be  expected.  It  will  be  seen  that  not  only  does  the 
sensitivity  inorease  with  displacement  but  that  the  rate  of  ohange  of 
sensitivity  also  increases.  If  then  such  increases  axe  desirable  they 
may  be  achieved  by  controlling  the  armature  reluctanoe.  This  is  not 
likely  to  modify  substantially  the  sensitivity  at  the  datus  position, 
as  we  may  see  by  putting  wt  = 0 in  equation  (6)  :- 
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NF. 


M 


wt=0  « 


1 

8p  K 

X*  CaP* 


(7) 


and  noting  that  in  a praotioal  case  it  is  probable  that  Rp  « Ry  and 
Rp 

5T  <<  1 a. 

Rd 


The  ratio  of  the  two  extreme  values  of  sensitivity  may  be  obtained 
by  making  the  appropriate  substitutions  in  equation  (6):- 

— = (1  + k)-(1  + 2k)  (8) 

ut=0 


where 

k . !kJk . a 

8a  (8p  * \ * Re)  a 


For  further  disousaion  it  is  convenient  to  assume  that  a constant 
sensitivity  is  required  and  that  Rp  , the  armature  reluotanoe,  is 
negligibly  small.  Putting  Rp  = 0 in  equation  (?)  gives 


"W  1 
8 \\  + h 


) 


(9) 


By  making  use  of  the  substitutions  for  FM  and  R.  given  under  equation 
(6),  equation  (9)  may  be  rewritten :- 


K 


If,  as  may  be  expeoted  in  practioe,  R.  « RA  , then  equation  (10) 
illustrates  three  noteworthy  points:-  Q 

(a)  An  appreciably  low  leakage  reluctance  will  not  greatly  affect 
the  sensitivity. 

(b)  If , on  the  other  hand,  the  leakage  reluctance  is  high,  large 
percentage  differences  in  the  radial  length  of  the  working  gap  will  have 
little  effect  on  sensitivity. 
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(0)  If  the  leakage  reluctance  is  high  the  sensitivity  nay  be 
expressed  without  any  great  error  ass- 


e N 

V°>  V = a « 


(11) 


where  q>_.  = total  magnet  flux. 

If  the  pick-off  volume  i3  limited,  so  that  the  magnet  thickness  may  be 
increased  only  at  the  expense  of  armature  coil  thickness,  then  equation 
(11)  is  useful  as  a guide  to  the  optimum  proportions  of  copper  aril  magnet 
material.  This  optimum  may  be  found  by  determining  the  maximum  value  of 
the  product  Mpjj  . For  a given  magnet  material  tpM  is  proportional  to 
the  cross- sectional  area  of  the  magnet,  and  if  the  effective  width  of  the 
magnet  is  assumed  constant  then  it  is  proportional  to  thickness. 

Henoe, 


SRp=0,  R + ~ = K1  TC 
= K2 


(12) 


where  3^ 


VK2 


The  maximum 
occurs  when 


3 magnet  thickness 
: coil  thiokness 

are  constants 

value  of  sensitivity  as  determined  from  equations  (ll)  and  (12) 
\ " TC  * 


7.32 


ion  of  the  General  Equation  to  the  Present 


Consider  now  ttie  above  discussion  in  relation  to  the  present 
pick-off. 

The  theoretical  sensitivity  may  be  obtained  by  inserting  into 
equation  (6)  the  values  appropriate  to  the  present  unit,  which  are :- 

N = 25OO  turns 

g m 0.006  an 

W 3 0.  L an 

r ■ 0.9  an 

a a 0.75  radian 
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Fy  a 3720  gilberts,  assuming  that  the  effeotive  length  cf  the 
magne  t = 1 an 

= 3.48  gilbert s/maxwe 11.  This  is  for  a magnet  of  0.0762  an 
(0.030  inoh)  thickness  and  assumes  an  effeotive  magnet  oross 
seotion  of  0.1  sq.  an, 

Ep  = 0.00319  gilberts/maxwell 

E^  =s  •»  i.e.  leakage  fluxes  are  neglected 


The  values  for  Fy  and  By  are  of  neoessity  very  approximate  as 
they  involve  estimations  of  the  effective  length  and  cross-section  of  the 
magnet.  The  value  for  Fy  also  involves  the  estimation  cf  the  position 
of  the  ieooil  loop.  The  value  for  Ep  assumes  that  the  effective  length 
of  the  air  gap  at  the  metal- to-me tal  joint  is  0.0019  an,  a value  based  on 
some  figures  quoted  by  Roters”' . 

Curve  2 of  Fig.  8 illustrates  graphically  the  evaluation  of  equation 
(6)  for  various  armature  deflections.  The  output  with  the  armature  in  its 
datum  position  is  calculated  to  be  1.7  volts,  which  is  in  good  agreement 
with  the  experimental  value  of  1.8  volts.  This  must  be  considered  some- 
what fortuitous,  however,  in  viev;  of  the  approximations  for  F'  , BA  and 
E^  noted  above. 

Asymmetry  in  the  experimental  curve  (curve  1 of  Fig. 8)  is  probably 
due  to  dimensional  asymmetry  in  the  air  gap3.  Nevertheless,  it  may  be 
seen  that  over  a range  of  +30°  the  output  may  be  assumed  to  be  proportional 
to  velocity  within  +6.3$ 

The  faot  that  the  output  from  the  pick-off  is  less  dependent  on 
armature  position  than  the  calculations  predict,  appears  to  show  that  the 
value  assumed  for  armature  reluotance  was  too  higi.  On  the  other  hand, 
using  this  assumed  value  for  armature  reluotanoe,  evaluation  cf  equation 
(8)  for  the  present  unit  gives  a ratio  of  sensitivities 


S 

ut=a 

S 

wt=0 


1.5 


(13) 


The  average  experimental  value,  however,  obtained  frem  a number  cf  curves 
similar  to  those  cf  Fig. 7,  was  found  to  be  1.8,  whioh  tends  to  show  that 
the  assumed  armature  reluctance  was  too  lew.  Although  there  appears  at 
first  to  be  a oontradiotion  here,  it  should  be  remembered  that  as  a •*  1 , 
fringing  and  changes  in  the  flux  density  in  the  air  gap  can  no  longer  be 
negleoted. 

Consider  now  the  simplified  expression  of  equation  (10).  E^  and 
R^  are  taken  as  3.4-8  and  0,022  o. g,s.  units  respectively.  Thus:- 

(a)  The  difference  in  sensitivity  between  the  ideal  oaso  when 
R^  a m and  the  case  when  E^  is  as  low  as,  say,  1.0  o.g.s.  unit,  is 
< 

■ (b)  If  the  leakage  reluctance  is  considered  high  enough  to  be 

?eglected,  then  doubling  the  present  radial  length  of  air  gap 
0.006  ■*  0.012  an)  produoes  < 1J5  change  in  sensitivity. 
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(o)  Magnets  of  two  different  thicknesses,  0.030  inoh  and  0.050  inoh, 
were  tried  without  modifying  the  coil  thiokness.  The  thicker  one  was 
found  to  give  a proportional  increase  in  sensitivity  (see  Section  6.4)  • 


The  effective  thickness  of  the  armature 


If  the  available  space  was  shared  equally  between  ma 
the  expeoted  increase  in  sensitivity  would  be  100 


ooil  was  about  0.07  inoh. 
.et  and  ooil  then 


HHH 


% * 


7.4  Reaction  Between  Moving  Parts 

As  magnetic  circuits  tend  to  rearrange  themselves  so  as  to  inolude 
the  least  reluotance,  the  armature  of  the  present  pick-off  will  tend  to 
return  to  its  datum  position.  As  shown  in  Appendix  I,  the  torque  involved 
is  given  approximately,  in  o.g.  s,  units,  by 


and  the  other  symbols  are  as  defined  in  Section  7.3j  pages  9 and  10. 

It  may  be  seen  from  equation  (1 4)  that  the  torque  is  zero  when  the 
armature  is  in  its  datum  position  and  that  it  increases  almost  in  proportion 
to  the  defleotion. 

The  significance  of  the  armature  reluotanoe  is  further  emphasized  by 
equation  (I4) : as  the  armature  reluctance  approaches  zero  so  the  torque 
approaches  zero  and  the  torque  displacement  charaoeristio  approaches  a 
straight  line.  The  slope  of  this  characteristic  may  be  considered  as  the 
stiffness  of  an  "electrioal  spring". 

A glide  to  the  maximum  torque  that  will  be  exerted  by  the  present 
pick-off  may  be  obtained  by  putting  a = 1 in  equation  (14) , together 
with  the  values  given  in  Section  7.32.  This  gives  a torque  of  382  dyne  cm 
and  it  oan  be  shown  that,  assuming  a rotor  speed  of  24,000  r«p.m. , this 
will  oause  the  Mark  4 gyroscope  to  precess  at  about  1°/ninute. 

Unfortunately  it  was  not  possible  to  obtain  a reliable  cheok  on 
this  figure  as  the  performance  of  the  gyroscope  without  the  pick-off  was 
not  known  sufficiently  accurately.  It  shculd  be  noted  that 

(a)  this  figure  is  a maximum  and  it  assumes  a value  for  Rp 
which  may  be  too  high  (see  Section  7. 32); 

(b)  the  precession  rate  may  be  reduced  by  reducing  Rp  . 

7.5  Operating  Flux  Densities 

From  equation (i.l 6)  of  Appendix  I we  may  see  that  the  flux  through 
the  armature  in  its  fully  deflected  position  is 
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*p+ VRd 


maxwells 


(15) 


Substituting  the  values  assumed  in  Section  7-  32:- 


<pp  = 1060  maxwells 


(16) 


This  flux  passes  through  an  armature  of  varying  cross-section, 
the  smallest  value  being  about  0.18  sq.cm,  giving  a maximum  flux  density:- 


3 = 1260 

P(max.)  ” 0.18 


= 5900  gauss 


(17) 


This  value  is  relatively  low  and  it  is  reasonable  to  suppose  that  & 
further  increase  in  sensitivity  could  be  obtained  by  reducing  the  cross- 
section  of  the  ferromagnetic  parts  and  correspondingly  increasing  the 
number  of  turns  on  the  ooil.  A consideration  of  the  present  pick-off 
leads  to  the  conclusion  that  such  a redesign  would  increase  the  sensi- 
tivity by  20  - 3$  • 

A similar  theoretical  cheok  of  various  other  parts  of  the  magnetic 
circuit  shows  that  there  would  be  little  extra  to  gain  frcm  further 
dimensional  adjustments. 

8 Applications 

8.1  Velocity  Pick-off 

The  demand  for  a pick-off  of  this  type  is  dependent  initially  on 
the  demand  for  D.C.  servo-systems.  TThan  such  systems  are  required  it 
may  be  worth  giving  consideration  to  the  following  methods  of  produoing 
a velooity  signal :- 

(a)  The  use  of  a gyrosoope  having  a mechanical  response  propor- 
tional to  velooity  (i.e.  a 'rate'  gyro)  and  fitted  with  a displacement 
pick-off. 

(b)  The  use  of  a shaping  circuit  to  operate  on  a displacement 
signal  obtained  frcm  a free  gyroscope, 

(o)  The  use  of  a velocity  pick-off  fitted  to  a free  gyrosoope. 

A rigid  aanparison  of  these  methods  is  impossible  as  such  depends 
on  the  particular  circumstances  in  which  they  are  required  to  function, 
but  some  features  may  be  noted  here :- 

Method  (a) 

One  disadvantage  of  this  method  is  that  normally  two  gyroscopes 
and  two  pick-offs  are  required,  one  of  each  to  provide  a displacement 
sigxal  and  one  of  each  to  provide  a velocity  signal.  Another  dis- 
advantage is  that  the  final  value  of  the  velocity  term  is  reached  only 
after  & significant  delay. 
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Consider  for  example  the  response  of  a rate  gyrosoope  to  a step 
function  velocity  input.  It  can  be  shown  that  the  build  up  of  the 

( -h“nt'\ 

velocity  tern  is  of  the  form  \ 1 - e / , where  h is  the  damping 

faotor  expressed  as  a ratio  of  critical  damping  and  wn  is  the  undamped 
natural  frequency  cf  the  gimbal  suspension.  To  reducenthe  delay  wn 
should  be  as  high  as  possible,  but  increases  in  u are  accompanied  by 
rapid  decreases  in  the  magnitude  of  the  output,  vhich  is  inversely 
proportional  to  w 2 # in  turn,  suoh  decreases  accentuate  the  difficulties 
of  providing  a suitable  pick-off,  particularly  one  which  is  D.C.  energised. 
Although  the  delay  may  be  reduced  by  increasing  h , it  is  not  possible  to 
increase  it  much  above  0.7  without  appreciably  reducing  the  operating 
frequency  range  cf  the  gyroscope.  In  addition,  when  h < 1 the  velocity 
signal  will  have  a spurious  oscillation  superimposed  on  it. 

One  advantage  of  this  method  is  that  the  displacement  signal  remains 
unadul terated . 

Method  (b) 

This  method  has  the  advantage  of  needing  only  one  gyrosoope,  one 
pick-off  and  a simple  shaping  circuit.  If  we  regard  the  output  of  the 
shaping  circuit  as  consisting  cf  two  components,  one  proportional  to 
displacement  and  one  proportional  to  velocity,  then  it  is  found  that  the 
displacement  tern  is  attenuated  and  the  velocity  term  subject  to  a delay. 

Consider  for  example  the  elementary  circuit  of  Fig.13,  and  assume 
again  a step  function  velocity  input.  The  displacement  term  is  attenuated 

by  a factor  G , where  G = -5- 

*1 

tern  is  of  the  form  \1  - e / , where  T^  = CR>  . If  an  attempt  is 

made  to  reduce  the  delay  by  reducing  it  is  found  that  the  magnitude 
of  the  velocity  term  is  reduced,  while  reductions  in  G reduce  both 
displacement  and  velocity  terms. 

As  noted  earlier  another  disadvantage  of  this  method  is  that  the 
signal/noise  ratio  is  reduced  by  the  shaping  circuit. 

Method  (o) 

Assuming  again  that  both  velocity  and  displacement  signals  are 
required  this  method  calls  for  one  gyroscope  and  two  pick-offs. 

It  may  be  difficult  to  obtain  a range  of  > +90°  for  the  velocity 
piok-aff  and  this  may  be  a disadvantage  far  some  applications.  Also, 
the  complexity  cf  the  gyroscope  is  sanewhat  increased  by  the  addition 
of  the  second  pick-off,  and  in  the  present  instance  the  magnitude  of  the 
velocity  tern  may  be  ocnsidered  too  snail.  It  is  reasonable  to  suppose, 
however,  that  in  many  applications  space  would  permit  the  volume,  and 
hence  the  sensitivity,  to  be  increased  to  several  times  the  present  figure. 
Alternatively,  as  the  pick-off  output  is  reasonably  free  from  noise  it  may 
be  possible  to  amplify  it. 

Consideration  of  current  rate  gyroscopes  and  shaping  circuits  shows 
that  the  time  delays  and  other  undesirable  characteristics  of  methods  (a) 
and  (b)  are  of  significance.  With  the  present  velocity  pick-cff,  however, 
it  was  shewn  in  Section  7.2  that,  although  strictly  at  least  a second 
order  qystem,  provided  that  It  is  loaded  with  a high  impedance  it  may  be 
regarded  as  a pure  generator. 
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and  the  build  up  of  the  velooity 
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As  with  method  (a)  the  displacement  signal  remains  unadulterated. 

8.2  Torsional  Vibration  Pick-up 

Another  possible  use  for  the  magnetio  circuit  arrangement  used  in 
this  unit  is  as  the  basis  for  a torsional  vibration,  pick-up.  The  output 
_ ^ volts 

of  0. 064  present  unit  compares  very  favourably 

with  the  output  of  0.090  ^ ft of  the  current  R.A.E.  torsional 

vibration  pick-up,  although  the  volume  of  the  latter  is  many  times  as 
great.  The  range  of  the  present  unit  is  also  several  times  greater  but 
it  is  doubtful  whether  this  increase  is  in  itself  of  much  value,  although 
it  may  be  possible  to  sacrifioe  it  to  the  advantage  of  other  characteristics. 

8.3  Torque  Motor 

The  transducing  action  of  the  pick-off  is  of  course  reversible  and 
by  passing  a current  through  the  00 il  the  unit  may  be  used  as  a Wide-angle 
miniature  torque  motor. 


Equation  Cl - 32)  of  Appendix  I provides  a general  expression  for  the 
torque  output  of  a device  of  this  nature.  An  expression  for  the  torque 
with  the  armature  central  may  be  obtained  by  putting  a =*  0 in  this 
equation: - 


a=0 


1 

4*a 


( 


P P 
M P 


\ 


+ + Rd  + 


dyne  an 


(18) 


This  may  be  evaluated  for  the  present  unit  by  assuming  various  currents 
and  substituting  the  values  gLven  in  Section  7*32  for  the  other  parameters. 
As  a check,  assuming  a current  through  the  armature  coil  of,  say,  StaA, 
we  get:- 


T&_q  a 2.85  gras. wt.  am 


In  practice  a current  of  9taA  was  found  to  produce  a torque  of  between 
3 and  3.5  grms.wt.on. 


It  was  noted  in  Section  7.32  that  the  value  assumed  for  armature 
reluctance  appeared  to  be  too  high  and  it  is  of  interest  to  note  that  a 
lcwer  assumed  value  would  also  give  a more  accurate  prediction  of  T 

It  should  also  be  noted  that  equation  (18)  assumes  linear  flux-current 
relationships. 


As  a torque  of  3*0  gzm.  cm  appears  small  it  is  pertinent  here  to 
point  out  that 

(a)  the  volume  of  the  unit  is  <3.0  cu.onj 

(to  as  a torque  motor  the  operating  range  is  up  to  +45°; 

(0)  the  torque  is  obtained  with  a power  dissipation  of  0.1  watt; 

(d)  if  the  unit  is  fed  from  a source  of  zero  internal  impedance 
the  time  constant  involved,  as  given  by  g , is  about 
0.5  milllsec. 
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The  coil  may  be  centre-tapped  to  permit  the  unit  to  be  used  as  a 
differential  torque  motor. 

Pig,  14  shows  a suggested  arrangement  for  a torque  motor.  It 
consists  essentially  of  two  units  "bade  to  back",  one  advantage  of  this 
arrangement  being  that  with  the  magnet  positioned  in  the  centre  of  the 
devd.ee,  the  leakage  flux  is  reduced  to  a minimum,. 

9 Conclusions 

Development  of  this  unit  is  as  yet  incomplete  but  it  appears  to 
present  an  efficient  magnetic  circuit  arrangement  for  use  in  wide-angLe 
transducers^  ■— 

Considering  the  unit  as  a velocity  pick-off,  it  has  been  noted 
that  it  should  be  possible,  by  simple  dimensional  changes,  to  increase 
the  sensitivity  and  range,  and  reduce  the  variation  of  sensitivity  with 
angle.  Alternatively  the  sensitivity  may  be  made  to  increase  as  the 
angular  displacement  increases  by  specifically  introducing  reluctance 
into  the  armature. 

Compared  with  a wire-wound  potentiometer  it  has  a very  smooth 
output.  This  output  may  therefore  be  operated  on  with  less  deterioration 
in  the  signal/noise  ratio. 

When  the  armature  is  displaced  from  its  datum  position  a anall 
restoring  torque  is  exerted  on  it.  This  is  not  likely  to  be  serious, 
but  should  it  appear  so  the  torque  may  be  reduced  by  reducing  the 
armature  reluctance. 

It  has  not  yet  been  possible  to  test  the  effect  of  specific 
dimensional  asymmetries  in  the  air  gaps,  or  of  missile  accelerations. 

As  a torsional  vibration  pick-up  or  as  a torque  motor  this  unit 
appears  to  have  advantages  over  existing  versions. 

The  bi-metal  sintering  process  reduces  leakage  and  unwanted  circuit 
reluctances,  but  the  method  used  to  manufacture  the  present  magnet  assembly 
is  not  completely  satisfactory  for  such  small  units,  as  it  calls  for 
unusual  machine  shop  techniques. 
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Sensitivity  and  Torque  Calculations 

In  the  following  paragraphs  recoil  parameters  are  defined  and  used 
to  establish  equations  for  armature  and  air  gap  fluxes.  Fran  these 
equations  expressions  are  derived  for  sensitivity  and  torque.  C.g.s. 
units  are  used  unless  otherwise  stated. 

To  ensure  stability  it  is  usual  to  subject  a permanent  magnet  to 
a demagnetising  field  considerably  greater  than  any  it  is  likely  to 
encoqjiter  in  practice.  The  magnet  is  then  in  effect  working  on  a recoil 
loop. 

The  magnets  used  in  this  pick-off  were  of  sintered  Alcanax  3 and 
the  relevant  quadrant  of  the  B-H  curve  for  this  material  is  given  in 
Fig.lo(a).  This  curve  may  be  used  for  a magnet  of  specific  dimensions 
by  converting  it  to  a flux-m.m.f.  curve.  Fig.10(a)  also  shows  a typical 
recoil  loop.  The  slope  of  the  mean  value  of  this  loop,  i.e.  the  slope 
of  G.D. , is  roughly  the  same  as  that  of  the  demagnetisation  curve  at 
H = 0 . The  loop  may  without  any  great  loss  of  accuracy  be  replaced  by 
the  line  G.D.  and  the  projection  of  this  line  onto  the  m.m.f.  scale 
provides  a useful  fictitious  parameter,  the  "recoil  open  circuit"  m.m.f. 
for  the  magnet.  This  is  illustrated  in  principle  by  Fig.  10(b).  Tims  as 
long  as  the  magnet  is  operating  at  some  point  along  the  line  C.D.  , it 
may  be  considered  as  a linear  clement  with  a constant  internal  permeance 
given  by  the  slope  of  C.D. , and  a "recoil"  m.m.f.  given  by  O.E. 

We  thus  have  a direct  analogy  with  electrical  circuits  and  using 
electrical  symbols  the  magnetic  circuit  of  the  pick-off  may  be  represented 
as  shown  in  Fig. 11(a). 

It  should  be  noted  that  Fig. 11 (a)  is  an  idealized  circuit  in  which 
air  gap  flux  densities  are  assumed  to  be  independent  of  armature  position 
and  uniform  throughout  each  gap,.  Also  the  reluctances  of  the  ferrous 
parts  of  the  circuit  are  considered  negligible  compared,  with  those  of 
the  air  gaps,  and  flux  is  assumed  to  be  proportional  to  current. 

Although  nominally  the  armature  itself  contains  no  air  gap,  it 
cannot  be  ignored  as  it  contains  a metal-to-metal  joint  which  may  have 
an  appreciable  reluctance. 

In  Fig.11 (a) :- 

recoil  m.m.f.  of  the  magnet 


recoil  reluctance  cf  the  magnet 


total  leakage  reluctance 


reluctance  of  the  armature 


reluctances  of  the  working  gaps  A , B , C and  D 
(see  Fig. 3) 


i-  - 

*L  = 
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Assuming  symmetry,  Eq  = Ro  and  = R^  . Also,  may  be  taken 
into  account  by  the  use  of  a modified..reooil  m.m.f . (P„)  and  reluotanoe 
(%).  This  permits  the  circuit  to  be  simplified  to  that  of  Fig.ll(b)  in 
which 


k ^ 

M V V 


(1.2) 


Also,  ' • 

" 1 ■ ‘ 9 a “ flux  through  . R^ 


<Pg  w flux  through  Eg 


•This  circuit  also  includes  an  additional  element,  Fj,  , which 
represents  the  m.m.f . created  when  a current  flows  through  the  armature 
ooil,  and  is  introduced  in  order  to  generalise.  When  the  unit  is  con- 
sidered as  a velocity  pick-off  F 9 0 , provided  the  load  on  the  pick-off 
is  of  high  impedance. 

Assuming  the  existence  of  circulating  fluxes  9 9 , and  9 , 

we  may  write  down  ihe  following  for  Pig.  1 1 (b) 1 2 3 

“■  *3“  *1  (I  .-3) 


9B  = 92  - 9i  . (1.4) 


<Pp  = 9^  “ 92 


(1.5) 


’l  \ * (<P1  " ’3)  SA  + - *2)  “ PM  (I*6) 

*2  *A  + (92  - ’l)  *B  + ^2  “ *P  B PF  (I*7> 
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<p3  ^ + ^3  “ *1)  Ra  + C«Pj  - <P2)  Sp  = 


(1.8) 


These  equations  may  be  solved  to  give 


<PA 


= - 1 


PF  (RM  + RB)  + FM  + V 1 


K. 


(1.9) 


„ . ff  C%  * V - *m  (rp  1 V 

?B  K, 


(1.10) 


. VW-Vvvh) 
r K1 

where 

K1  - 2<EASB»EpV*(EPtV  (EA+V 

We  will  first  consider  the  unit  as  a velocity  pick-off  and  proceed 
to  find  a general  expression  for  its  sensitivity. 

When  Fp  = 0 , 


<Pp  = ^ (RA  “ Rg)  maxwells 


(1.12) 


Expressions  for  the  gap  reluctances,  RA  and  Rg  , in  terms  of  the 
pick-off  dimensions  may  be  found  by  referring  to  Fig.  12.  From  thiss- 


W r a 


gilberts 

maxwell 


(1.13) 


W r (a  + e) 


gilberts 

maxwell 


(1.1 0 


h 


Wr  (a  - e) 


gilberts 

maxwell 


(1.15) 
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Making  use  of  these  substitutions,  equation  (1.12)  beoanes 


<Pp  ® 


[j-^p + 


* Ea>  * -T 


(-S)] 


maxwells  (i.l  6) 


If  N = number  of  turns  on  armature  coil  and  9 n «t  , then  the  total 
flux  linkages  are 


N wt  F. 


maxwell  turns 


The  e.m.f.  generated  is  given  by  — (Np  ) , and  the  sensitivity  S , 
try  dt  F 

S * i — - (N<p-J  —^^5 (I. 

u dt  * radian/  second 


Evaluation  of  equation  Cl. 1 8)  gives 


FM  C G + H (1  + a^)  1 abvolts 

* l [G  + H (1  _ a2j  ] 2 J radiai^ second 


where  G = (Rp  + ^ + Nj) 


— = fractional  displacement  of  the  armature 


We  next  proceed  to  find  a general  expression  for  the  torsional 
reaction  between  the  moving  parts. 

It  oan  be  shown*  that  the  tangential  foroe  at  a variable  air  gap 
such  as  exists  in  the  present  unit  is 


dynes 


where  7 a m.n.f . across  the  gap. 
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> 


t 


Thus  referring  to  Fig. 3,  the  force  at  gaps  A and  B will  be 

2 


PA  * 

8*g 


dynes 


(1.21) 


f/w 

8*g 


dynes 


(1.22) 


The  nett  force, 


W / 2 

P_  - - Fa  ) <3ynes  , 

B A 8ftg  B A 


(1.23) 


and  the  nett  torque, 


r (Ps  - PA)  dyne  cm 


(1.24) 


Owing  to  the  existence  of  a similar  torque  at  gaps  C and  D the  total 
torque  T will  be 


Also, 


and 


I . 2r  <PB  - PA)  - (f/  - f/)  » 


PB  = 9B  ^ Si-lberts> 


PA  = 9 A RA  giltort3 


(1.25) 


(1.26) 


(1.27) 


It  is  convenient  at  this  stage  to  express  R^  and  % in  terms 

of  R,  , the  reluotance  of  each  gap  with  the  armature  at  its  datum 
d ’ 0 

position,  and  y , the  fractional  displacement  of  the  armature.  Thus 
using  equation  (I.I3),  equation  (i.l 4)  becanes 


f 


Rd  gilberts 
(1  + a)  maxwell 


(1.28) 


where  asi 
a 
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Similarly  equation  (IJ5)  becomes 


R= 

*b  - vrh y 


gilberts 

maxwell 


(1.29) 


Substituting  equations  (1.10),  (l.9),  (1.28)  and  (1.29)  into  (1.26)  and 
(1.27):- 


Substituting  equations  (i.lj),  (l.30)  and  (I . 31 ) into  equation  (1.25)  and 
simplifying 


T a 


K3K4  ] (I>32) 

l r.  2 „ „ ,2  J 


[1  - af  K3  Kj 


where 


H = 


% 


*P 


3 *d  + 


4 Ra  + Rp 


This  is  the  complete  expression  for  torque,  applicable  when  the  unit  is 
used  as  a torque  motor.  If  Rp  may  be  neglected  it  may  be  simplified 
to 


+ 


PF  " 


a Fi 


F 


(1.33) 
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Equations  (1.32)  and  (l.33)  may  also  be  used  to  calculate  torque 
reaction  if  it  is  required  to  use  the  unit  as  a rate  pick-off  loaded 
with  a low  impedance.  For  a velocity  w ;- 

^ gilberts  (1.34) 

1<X 


where  Z = total  resistance  in  armature  coil  circuit  in  ohms. 


Putting  Fji  = 0 gives  the  following  expression  for  torque  suitable 
for  use  when  the  unit  is  used  as  a rate  pick-off  loaded  with  a hi(£i 
impedance  :- 


where 


(1.35) 


Note  that  T_  . 

v° 


0 as  either  Kp  or  a 


0 . Equation  (1.35) 


may  also  be  rearranged  to  provide  an  expression  which  may  be  regarded 
as  the  stiffness  of  the  "electrical  spring":- 


aa 


FM2  f 1 + \ dyne  an 

L utt2  K 2 \ ) radian 

5 


(1.36) 


Finally,  attention  is  drawn  to  the  assumptions  inherent  in  the 
formulae  established  above.  These  formulae  must  therefore  be  used  with 
discretion  if  quantitative  accuracy  is  required. 
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(a).  GENERAL  APPEARANCE.  (b). FUNCTIONAL  DIAGRAM. 
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WITHOUT  CUP. 


(d).  SECTION  A A. 
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FIG.2(b-c> 


(Q).  GENERAL  APPEARANCE  OF  ARMATURE  AND  COIL. 


PLAN  VIEW 
WITH  COIL  FITTED. 


(C).  SECTION  AA. 


N.&.  THE  CENTRAL  CORE  FORMS  AN 

INTEGRAL  PART  OF  ONE  POLE  PIECE. 


FIG.2(a-c).  ARMATURE  ASSEMBLY. 
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(a).  ARMATURE  IN  DATUM  POSITION. 


Cfcjk.  ARMATURE  AT  LIMIT  OF  WORKINC  RANGE. 


FIG.3(a«b).  FLUX  PATHS  THROUGH 
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F I G .4  (a  ft  b). 


(a).  EXPLODED  VIEW  OF  ACCESSORIES. 


Ob).  ELEVATION  OF  MAGNET  ASSEMBLY  POSITIONED  FOR 

MAGNETISING. 


FIG. 4 (p ft b).  METHOD  OF  POLARISING  THE 

MAGNET. 
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(a).  CIRCUIT  FOR  PICK -OFF  UNDER  TEST. 


(}>).  APPROXIMATE  GENERAL  CIRCUIT. 


FIG.6(atb>  EQUIVALENT  CIRCUITS. 
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FIG.8.  TYPICAL  PICK-OFF  OUTPUT 
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© RESULT  OF  INITIAL  TESTS. 

© RESULTS  AFTER  INCREASED  MAGNETISATION. 

® NOMINALLY  AS  © BUT  WITH  PICK-OFF  MEASURING 
OUTER  $IMBAL  VELOCITY. 
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PICK-OFF  OUTPUT. 
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THIS  MAY  BE.  CONVERTED  INTO  A FLUX  “ M.M.F.  CURVE  BY  MULTIPLYING 
THE  VERTICAL  AND  HORIZONTAL  SCALES  BY  AREA  AND  LENGTH 

RESPECTIVELY. 
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SINTERED  ALCOMAX  3. 
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FIG.II  (a  4 b). 
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POLE  PIECE  RELUCTANCES  ARE  NEGLECTED 


(a).  equivalent  circuit  for  THE  PICK-OFF. 


Ra 


THE  ADDITIONAL  M.M.F.  Fp  IS  INCLUDED  IN  ORDER  TO  GENERALISE. 
WHEN  THE  UNIT  IS  USEO  AS  A RATE  PICK- OFF  USUALLV  Fp  ?0. 


(b).  MODIFIED  CIRCUIT. 
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FIG.II(o»b).  EQUIVALENT  MAGNETIC 

CIRCUITS. 
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FIG. 1 2 
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V/ITH  THE  ARMATURE  IN  ITS  DATUM  POSITION  THE  RELUCTANCE 
OF  EACH  QAP  IS  QIVEN  BY  > 


Rds 
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IF  THE  ARMATURE  MOVES  THROUGH  AN  ANQLE  0 TO  THE  POSITION 
SHOWN  BY  DOTTED  LINES  :" 

Ra*  Wf-  ( p(  + 0) 
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FIG. 12.  SKETCH  DEFINING  GAP 
RELUCTANCES. 
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FIG. 12 
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WITH  THE  ARMATURE  IN  ITS  DATUM  POSITION  THE  RELUCTANCE 
OF  EACH  QAP  IS  QIVEN  BY  S- 


*da 
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IF  THE  ARMATURE  MOVES  THROUQH  AN  ANQLE  0 TO  THE  POSITION 
SHOWN  BY  OOTTED  LINES  :" 

R*=Wf  («  + e) 

rb*  vit  (« - ©) 


FIG. 12.  SKETCH  DEFINING  GAP 
RELUCTANCES. 
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FIG.I3&  14. 


FIG. 1 3.  ELEMENTARY  PHASE  ADVANCE 

CIRCUIT. 


ARMATURE 


FIG.  14.  SUGGESTED  ARRANGEMENT  FOR 
TORQUE  MOTOR. 
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